Forty-four Thai isolates phenotypically assigned to the genus Gluconobacter were examined for 16S-23S rDNA ITS restriction analysis by MboII and SduI (‫؍‬Bsp1286I) digestions. The Thai isolates tested were divided into seven groups: Group I for fourteen isolates, Group IX for one isolate, Group X for two isolates, Group V-2 for four isolates, Group XI for three isolates, Group IV for one isolate, and Group III for nineteen isolates. There were no isolates of either Group II or Group V-1 that were identified as G. cerinus. The isolates of Group III, Group IV, and Group XI were subjected to an additional 16S-23S rDNA ITS restriction analysis by AvaII, TaqI, BsoBI, and BstNI digestions. The isolates of Group III were divided into three groups and two subgroups: Group III-2 for five isolates, Group III-6 for two isolates, and Group III-4, which was divided into two subgroups, Subgroup III-4a for four isolates and Subgroup III-4b for eight isolates. The fourteen isolates of Group I were identified as G. oxydans, and the two isolates of Group X were temporarily identified as G. oxydans. The five isolates of Group III-2 and the one isolate of Group IV were identified as G. frateurii. The remaining twenty-two isolates of Group V-2, Group III-4, Group
Introduction
In the genus Gluconobacter Asai 1935 Yukphan et al. 2005 , and Gluconobacter thailandicus Tanasupawat et al. 2005 (Katsura et al., 2002 Mason and Claus, 1989; Skerman et al., 1980; Tanaka et al., 1999; Tanasupawat et al., 2004 Tanasupawat et al., , 2005 Yamada and Akita, 1984a, b; Yamada et al., 1999; Yukphan et al., 2004d Yukphan et al., , 2005b . Strains of the genus Gluconobacter phenotypically show no oxidation of either acetate or lactate. The phenotypic features distinguish Gluconobacter strains from strains of other genera in the family Acetobacteraceae Gillis and De Ley 1980.
We reported that 16S-23S rDNA ITS restriction analysis using restriction endonucleases MboII and Bsp1286I is applicable to species-level identification of Gluconobacter strains (Yukphan et al., 2004a, b) . As a result, the new species and the revived name, G. albidus was proposed in the higher DNA GϩC content group or the sublineage of G. oxydans (Yukphan et al., 2004d) . Malimas et al. (2006) indicated heterogeneity of strains assigned to G. frateurii, designated as the Gluconobacter frateurii complex, which also included the type strain of G. thailandicus.
In the study on microbial diversity in Thailand, we isolated a large number of acetic acid bacteria from Thai sources. Of the Thai isolates, many isolates were phenotypically identified as Gluconobacter species. This paper deals with species-level identification of Thai isolates assigned to the genus Gluconobacter.
Materials and Methods
Microorganisms. Forty-four strains were examined in this study (Table 1) . These strains were mostly isolated from flowers and fruits collected in Thailand by an enrichment culture approach using 1) glucose/ ethanol/acetic acid medium, designated as medium g, that was composed of 2.0% D-glucose (w/v), 0.5% ethanol (v/v), 0.3% acetic acid (v/v), 0.5% peptone (w/v), and 0.3% yeast extract (w/v), 2) sorbitol medium, designated as medium s, that was composed of 2.5% D-sorbitol (w/v), 0.5% peptone (w/v), and 0.3% yeast extract (w/v), 3) sucrose medium, designated as medium su, that was composed of 2.5% sucrose (w/v), 0.3% acetic acid (v/v), 0.5% peptone (w/v), and 0.3% yeast extract (w/v), and 4) methanol medium, designated as medium m, that was composed of 1.0% methanol (v/v), 0.3% ammonium sulfate (w/v), and 0.05% yeast extract (w/v), all of which were adjusted at pH 3.5 (Yamada et al., 1976 (Yamada et al., , 1999 (Yamada et al., , 2000 Yukphan et al., 2004c Yukphan et al., , 2005a . All the Thai isolates were phenotypically assigned to the genus Gluconobacter by lack of acetate and lactate oxidation (Asai et al., 1964; Yamada et al., 1976 T were used for reference strains.
PCR amplification of 16S-23S rDNA ITS and digestion with restriction endonucleases. PCR amplification of 16S-23S rDNA ITS was performed by the method of Trč ek and Teuber (2002), as described previously (Yukphan et al., 2004a, b; Malimas et al., 2006) . Single-banded and purified PCR products (ca. 715 bp) were digested respectively with restriction endonucleases MboII (Fermentas, Hanover, Maryland, USA) and SduI (Fermentas, ϭBsp1286I). For Thai isolates assigned to the G. frateurii complex, digestions with additional restriction endonucleases AvaII (New England BioLabs, Beverly, Massachusetts, USA), TaqI (Fermentas), BsoBI (New England BioLabs), and Bst NI (New England BioLabs) were performed. The digestion reactions of the six restriction endonucleases were carried and following the manufacturers' instructions.
Sequencing of 16S-23S rDNA ITS and sequence and restriction analyses. Direct sequencing of the single-banded and purified PCR products obtained above (ca. 715 bases, from position 1 in the specified Yukphan et al., 2004b) was carried out, as described previously (Malimas et al., 2006; Yukphan et al., 2004a, b) . Multiple sequence alignments were done with the program CLUSTAL X (version 1.81) (Thompson et al., 1997) . Sequence gaps and ambiguous bases were excluded. Distance matrices for the aligned sequences were calculated by the two-parameter method of Kimura (1980) . The neighbor-joining method of Saitou and Nei (1987) was used for constructing phylogenetic trees. Robustness for individual branches was estimated by bootstrapping with 1,000 replications (Felsenstein, 1985) . A computerized restriction analysis of 16S-23S rDNA ITS was made by means of the program NEBcutter (version 2.0, New England BioLabs) (Malimas et al., 2006; Yukphan et al., 2004a, b) .
Results and Discussion

Restriction analysis of Thai isolates assigned to the genus Gluconobacter by digestion with restriction endonucleases MboII and SduI
When 16S-23S rDNA ITS PCR products were digested with restriction endonucleases MboII and SduI (ϭBsp1286I), the forty-four Thai isolates tested were divided into seven groups on the basis of the combination of the resulting restriction patterns (Fig. 1) .
Group I was composed of Thai isolates that showed the G. oxydans types of restriction patterns, which coincided with those of the type strains of G. oxydans, as found in isolate AG10 and AF94. However, the restriction patterns of isolates AG10 and AF94 were slightly different from each other in MboII digestion; a restriction fragment of ca. 35 bp was shown in the former but not in the latter. The former restriction pattern similar to that of G. oxydans NBRC 14819
T was found in isolates AF95 and AG10, and the latter restriction pattern was found in another twelve isolates. The isolates of Group I were fourteen and amounted to 31.8% of all the Thai isolates tested (Table 1) . Group IX was composed of only one Thai isolate, AF98, that showed the G. oxydans type and a different 
Abbreviations: Go, the G. oxydans type of restriction patterns; Gc, the G. cerinus type of restriction patterns; Gf, the G. frateurii type of restriction patterns; -, not determined; unident, unidentified, but suggested as a candidate for a new species; (g), isolated with medium g; (s), isolated with medium s; (su), isolated with medium su; (m), isolated with medium m.
a The restriction pattern names were cited from previous papers (Malimas et al., 2006; Yukphan et al., 2004a, b) .
kind of restriction pattern, designated as restriction pattern j, representing restriction fragments of 467, 179, and 97 bp. The one isolate of Group IX amounted to only 2.3%. Group X was composed of Thai isolates that showed respectively the G. oxydans type and a different kind of restriction patterns, designated as restriction pattern k, representing restriction fragments of 455, 178, and 82 bp, by MboII and SduI digestions, as found in isolate AF48. The isolates of Group X were two and amounted to only 4.5%.
Group V was composed of Thai isolates that showed the G. frateurii type and the G. cerinus type of restriction patterns, as found in isolate AF69. These restriction patterns coincided with those of G. cerinus NBRC 3274 of Group V (Yukphan et al., 2004a) . The isolates of Group V were four and amounted to 9.1%.
Group XI was composed of Thai isolates that showed quite different restriction patterns, designated respectively as restriction patterns m and n, representing respectively a non-restriction fragment comprised of ca. 719 bp and restriction fragments of 244, 213, 126, 82, 52 and 2 bp, as found in isolate AG46. The isolates of Group XI were three and amounted to 6.8%.
Group IV was composed of only one Thai isolate, AG26, that showed the G. cerinus and the G. frateurii types of restriction patterns. These restriction patterns coincided with those of G. frateurii NBRC 3251 of Group IV (Yukphan et al., 2004a, b) . The isolate of Group IV was one and amounted to only 2.3%.
Group III was composed of Thai isolates that showed the G. frateurii types of restriction patterns, as found in isolates AG31, AG67, AG77, and AA59. The isolates of Group III were nineteen and amounted to 43.2% (Table 1) .
The 16S-23S rDNA ITS of isolates selected from Group I, Group V, Group IX, Group X, Group XI, Group IV, and Group III were sequenced, and a phylogenetic tree based on 16S-23S rDNA ITS sequences was constructed for 654 bases (Fig. 2a) ; 6, AG10 (Group I); 7, AF94 (Group I); 8, AF98 (Group IX); 9, AF48 (Group X); 10, AF69 (Group V-2); 11, AG46 (Group XI); 12, AG26 (Group IV); 13, AG31 (Group III-2); 14, AG67 (Group III-6); 15, AG77 (Group III-4a); 16, AA59 (Group III-4b); M, 50-bp marker. three isolates of Group IX and Group X were different from that of either strain NBRC 3266 of Group VIII or G. oxydans NBRC 3990 of Group VI (Yukphan et al., 2004a) .
It is to be noted that isolate AF69 of Group V was located in a separate, independent and intermediary cluster, which connected the clusters of Group II and Group III in spite of showing identical restriction patterns with G. cerinus NBRC 3274 of Group V (Yukphan et al., 2004a) . The Thai isolates of Group III, Group IV, and Group XI and NBRC strains of Group III formed a very large cluster, designated as the G. frateurii complex cluster, which also included G. thailandicus BCC 14116 T . Since isolate AF69 formed an independent cluster in spite of showing identical restriction patterns with G. cerinus NBRC 3274, an additional restriction endonuclease discriminating isolate AF69 and G. cerinus NBRC 3274 from each other was theoretically sought using the NEBcutter (ver. 2.0), and restriction endonuclease AvaII was found to differentiate isolate AF69, which gave two restriction fragments comprised of 611 and 105 bp, and G. cerinus NBRC 3274, which gave a non-restriction fragment comprised of 714 bp. The above-mentioned restriction analysis divided Group V into two groups, i.e., Group V-1 for G. cerinus NBRC 3274 and Group V-2 for the four isolates (Table 1) .
Similarly, the computerized restriction analysis using the NEBcutter (ver. 2.0) showed that the isolates of Group IX and Group X were distinguished from each other using restriction endonuclease TaqI. The one isolate of Group IX gave restriction fragments comprised of 375, 305, and 63 bp, and the two isolates of Group X gave restriction fragments comprised of 426, 208, and 81 bp.
In MboII digestion, isolates AG10 and AF94 of Group I had calculated restriction fragments respectively of 585, 58, 35, and 35 bp and 585, 65 , and 64 bp with the NEBcutter (ver. 2.0). The difference in the two isolates was shown only in the presence or absence of fragments of 35 bp.
On the basis of the results obtained above in restriction and sequence analyses of 16S-23S rDNA ITS, the forty-four Thai isolates tested were identified as follows (Table 1) .
The fourteen Thai isolates of Group I showed the G. 2a ). As mentioned above, however, either the presence or absence of 35-bp restriction fragments was actually found in the fourteen isolates. Since the presence of such a low molecular-weight restriction fragment was hardly found in some cases (Yukphan et al., 2004a) , these fourteen isolates were recognized as members of Group I. According to Yamada et al. (1984) and Micales et al. (1985) , G. oxydans IFO 3244 gave high DNA-DNA similarities respectively of 81% and 86% to the type strain of G. oxydans. The fourteen Thai isolates of Group I were therefore identified as G. oxydans.
The three Thai isolates of Group IX and Group X showed the G. oxydans type of restriction patterns in MboII digestion, but were distinguished from each other by SduI and TaqI digestions. The two isolates of Group X formed a cluster, along with G. oxydans NBRC 3990 of Group VI (Fig. 2a) . In a previous study, strain NBRC 3990 was temporarily re-identified as G. oxydans in spite of showing a different restriction pattern from G. oxydans NBRC 14819 T in Bsp1286I (ϭSduI) digestion and a long branch in a phylogenetic tree based on 16S-23S rDNA ITS sequences (Yukphan et al., 2004a) . On the other hand, the one isolate of Group IX formed a cluster with strain NBRC 3266 of Group VIII, but showed different restriction patterns from strain NBRC 3266 (Yukphan et al., 2004a) . The two Thai isolates of Group X were therefore identified temporarily as G. oxydans. In contrast, the one Thai isolate of Group IX was therefore unidentified but a candidate for a new species. The four Thai isolates of Group V-2 showed the G. frateurii and the G. cerinus types of restriction patterns, as found in G. cerinus NBRC 3274 of Group V-1. However, the selected isolate of Group V-2 formed an independent cluster in a phylogenetic tree and differed in this respect from G. cerinus NBRC 3274 of Group V-1. In AvaII digestion, the isolate was differentiated from G. cerinus NBRC 3274 of Group V-1. Considering the phylogenetic position of the isolate, it is obvious that the four Thai isolates of Group V-2 were unidentified but candidates for a new species (Table  1) .
Restriction analysis of Thai isolates assigned to the Gluconobacter frateurii complex by digestion with restriction endonucleases AvaII, TaqI, BsoBI, and BstNI
The 16S-23S rDNA ITS restriction analysis was additionally performed by digestion with restriction endonucleases AvaII, TaqI, BsoBI, and BstNI for Thai isolates of Group III, along with Thai isolates of Group IV and Group XI, since NBRC strains of Group III had a heterogeneous nature taxonomically (Malimas et al., 2006) (Fig. 1) .
In AvaII digestion, all the isolates of Group III and Group IV tested showed two restriction fragments of 610 and 105 bp, designated as restriction pattern a, as found in G. frateurii NBRC 3264
T of Group III-2 and isolates AG26, AG31, AG67, AG77, and AA59.
In TaqI digestion, all the isolates of Group III and Group IV tested were divided into two groups; one showed three restriction fragments of 399, 287, and 29 bp, designated as restriction pattern c, as found in G. Isolates of Group XI showed respectively restriction patterns a, c, f, and g in AvaII, TaqI, BsoBI, and BstNI digestions, as found in isolate AG46. Such a combination of restriction patterns was not found in any of the NBRC strains tested (Malimas et al., 2006) . The restriction pattern g consisted of restriction fragments of 382, 116, 111, 81, 17, and 7 bp. From the results obtained above, the Thai isolates of Group III were divided into three groups and two subgroups (Table 1) . Group III-2 included five isolates, and Group III-6 included two isolates. Group III-4 was composed of Subgroup III-4a that included four isolates and Subgroup III-4b that included eight isolates. It is interesting that there were no Thai isolates of Group III-3 that included G. thailandicus BCC 14116 T . A phylogenetic tree based on 16S-23S rDNA ITS sequences for 666 bases was constructed for the G. frateurii complex (Fig. 2b) (Table 1 ). In the G. frateurii complex, Malimas et al. (2006) set up three large clusters for the NBRC strains that were once isolated in Japan. Takahashi et al. (2006) recognized similar three large clusters for NBRC strains in phylogenetic trees based on 16S rDNA and 16S-23S rDNA ITS sequences. The above-mentioned Thai isolates additionally formed the fourth large cluster for Group XI (Fig. 2b) . This indicates that the Thai isolates have a wide range of diversity in the G. frateurii complex, when compared with the Japanese strains deposited in Culture Collection NBRC (Kondo and Ameyama, 1958) .
Of the twenty Thai isolates of Group III and Group IV, five isolates were grouped into Group III-2 (Table  1) . Selected isolates AG31 and AG88 of Group III-2 formed the first large cluster, together with G. frateurii NBRC 3264
T of Group III-2, G. frateurii NBRC 3251 of Group IV, and strain NBRC 3268 of Group III-1a (Fig.  2b ). According to Micales et al. (1985) and Mason and Claus (1989) , strain IFO 3268 (ϭNBRC 3268) was grouped into their homology group II and identified as G. frateurii, although the calculated 55% DNA-DNA similarity of the strain to the type strain of G. frateurii was not so high. From the data obtained above, the five Thai isolates of Group III-2 were identified as G. frateurii. The one Thai isolate of Group IV was also identified as G. frateurii for the same reason (Tanaka et al., 1999; Yukphan et al., 2004b) . According to Malimas et al. (2006) , NBRC strains of Group III-4 and Group III-5 were candidates for a new species. Takahashi et al. (2006) recognized a similar new species for these NBRC strains. The four Thai isolates of Group III-4a, the eight Thai isolates of Group III-4b, and the two Thai isolates of Group III-6 were therefore unidentified but candidates for a new species, since all the isolates formed the third large cluster (Fig. 2b) .
The three Thai isolates of Group XI formed the fourth large cluster, differing from the first, the second, and the third large clusters (Fig. 2b) . The three Thai isolates of Group XI were therefore unidentified but candidates for a new species. Yamada et al. (1999) isolated many strains for acetic acid bacteria from Indonesian sources. Of the eleven Gluconobacter strains tested, seven strains were identified as G. oxydans, four strains were identified as G. frateurii, and there were no strains identified as G. cerinus. Our isolation and identification described above obtained similar results in that many isolates were identified as either G. oxydans or G. frateurii and no isolates were identified as G. cerinus. Malimas et al. (2006) found in Japanese NBRC strains assigned to the G. frateurii complex the one-toone correspondence between the restriction groups obtained by digestion with six restriction endonucleases and the clusters formed in a phylogenetic tree based on 16S-23S rDNA ITS sequences. However, the Thai isolates mentioned above did not show such a one-to-one correspondence but a somewhat different, complicated correspondence instead. For example, three isolates AG67 of Group III-6, AA59 of Subgroup III-4b, and AG77 of Subgroup III-4a randomly formed small clusters (Fig. 2b) . Such a one-to-one correspondence may be ruled out due to the wide range of diversity found in the Thai isolates in comparison with the Japanese strains.
It is obvious that the restriction analysis described above, which gave "digitalized" taxonomic information, is utilized for grouping of Thai isolates assigned to the genus Gluconobacter, along with the sequence analysis that evaluated phylogenetic relationships and were "analogic" in determining the taxonomic circumscription of the Thai isolates (Malimas et al., 2006) . Whether the Thai isolates of Group IX, Group V-2, Subgroup III-4a and Subgroup III-4b of Group III-4, Group III-6, and Group XI constitute several new species or not will be discussed elsewhere.
